Affinity-purified medium T antigen of wild-type polyomavirus and d18, a transforming mutant with a deletion in the medium T gene, is associated with three cellular proteins with apparent molecular weights of 88,000 (88K protein), 61,000 (61K protein), and 37,000 (37K protein). Medium T antigen encoded by the nontransforming hrt mutants fails to associate with these proteins, whereas medium T antigen of the nontransforming mutant dllO15 is able to do so. Medium T antigen of the nontransforming mutant d123 binds to the 61K and 37K proteins; however, binding to the 88K protein is uncertain. The pattern of complex formation between these proteins and medium T antigen resembles that of pp6oc-src and medium T antigen. The binding of medium T antigen to the 88K, 61K, and 37K proteins, as well as to pp60csrc, might represent a necessary but insufficient step in transformation. By mixing extracts from infected and uninfected cells, complex formation between medium T antigen and the 88K, 61K, and 37K proteins can be demonstrated in vitro. Pulse-chase experiments indicated that in vivo the association between medium T antigen and the 61K and 37K proteins is a slow process. The latter two proteins are probably bound to each other in uninfected cells. On two-dimensional gels of whole-cell extract, the 61K protein comigrated with a minor protein with an isoelectric point of 5.2. The 61K protein was neither phosphorylated nor glycosylated. Polyomavirus tumor serum precipitated the 61K and 37K proteins independently of medium T antigen. Therefore, the 61K protein or the 37K protein or both have the properties of a cellular tumor antigen.
Among the three tumor antigens encoded by polyomavirus, medium T antigen is the principle protein involved in transformation (34, 49, 50) . It is required for transforming established cell lines (35, 37) and embryonic cells (36) in culture as well as for the induction of tumors in newborn rodents (1, 2, 7) . Medium T antigen alone is sufficient for the transformation of embryonic chicken cells (25, 27) and the induction of tumors in chickens and newborn hamsters (2, 27) . However, for transforming rat embryo fibroblasts, large T antigen, which plays a role in immortalization (37) , is required in addition to medium T antigen (36) . On the other hand, small T antigen complements medium T antigen in the induction of tumors in newborn rats (1) .
Medium T antigen is associated with pp6O-src, the cellular homolog of the transforming protein of Rous sarcoma virus, pp60v-sr" (14) (15) (16) . The tyrosine-specific protein kinase activity of the medium-T-bound pp6Ocsrc is strongly enhanced as compared with free pp60csrc (5, 14) . It has been proposed that the pp6Oc-rc kinase activity is regulated by phosphorylation at tyrosine such that phosphorylation results in inactivation of kinase activity (13, 14) . Medium T antigen might block phosphorylation of tyrosine 527 and thereby prevent inactivation of the pp6O-crc kinase activity (11) . However, an unphosphorylated tyrosine 527 is not the only reason for the enhanced kinase activity of medium-T-associated pp6Ocsrc because the difference in activity between pp6Ocsr( with or without phosphate at tyrosine 527 is only 3-fold, whereas the difference in activity between free and medium-T-bound pp6Oc-src is at least 20-fold (11) . Free pp60-sr( becomes phosphorylated during the in vitro autophosphorylation reaction at tyrosine 416, whereas medium-T-bound pp6Oc-,rc becomes phosphorylated on tyrosine 416 and at an additional * Corresponding author.
tyrosine site in the amino-terminal half of the molecule (10, 54) . It is unknown whether phosphorylation at that site effects kinase activity.
Studies with medium T antigen mutants shed some light on the role of pp60cXr( in transformation by polyomavirus. Medium T antigen of the host-range-nontransforming (hrt) mutants (3) forms a less stable complex with pp60csr, than wild-type medium T antigen does, and the kinase activity of the associated pp60csrc is not elevated (4) . On the other hand, medium T antigen of the mutants dllO15 and d123 forms a complex with pp6Oc-sr( in which the tyrosine-specific protein kinase activity is activated (10, 24) , yet these mutants do not transform (21, 32) . Therefore, the interaction between medium T antigen and pp6Ocsrc might be a necessary but insufficient step in transformation.
At least two regions in the medium-T-antigen polypeptide are important for both transformation and complex formation with pp60csr". One is a stretch of 22 uncharged and hydrophobic residues in the C-terminal half of the molecule responsible for anchoring medium T antigen in the plasma membrane (9, 33, 46) and the endoplasmic reticulum (18) . Mutant medium T antigens lacking this region do not attach to membranes; they also do not form a complex with pp60CsrC and are nontransforming. Therefore, it appears that medium T antigen and pp60'crc can only form a complex when both are inserted in the membrane. Interestingly, medium T antigen with the C-terminal hydrophobic domain of the vesicular stomatitis virus glycoprotein, replacing its own C terminus, can attach to membranes and activate tyrosine-specific protein kinase activity, but it is defective in transformation (48) . This indicates that other properties of medium T antigen besides its ability to associate with membranes and to interact with pp6Oc-src must be important for its transforming ability. Another important area of me-3902 on July 8, 2017 by guest http://jvi.asm.org/ Downloaded from dium T antigen is located in the amino-terminal region of the molecule. It makes contact with pp60csrc, as shown with N-terminal truncation mutants (47) and monoclonal antibodies directed against that region (17) . From these studies, one can conclude that the attachment of medium T antigen to membranes is mediated by its C terminus, while its contact to pp60c-sr is made through the N terminus. Vice versa, pp60c-src is anchored to the membrane by its N terminus (8, 30) and probably binds medium T antigen through its C terminus.
We reasoned that medium T antigen might interact with other cellular proteins besides pp6Ocsrc, e.g., src-related proteins with structural features in common with pp60csrc. By purification of medium T antigen under mild conditions, we found proteins with apparent molecular weights of 88,000 (88K protein), 61,000 (61K protein), and 37,000 (37K protein) specifically associated with medium T antigen (23, 26) . Medium T antigen of transforming viruses but not that of the hrt mutants NG59 and SD15 was able to bind these proteins. The latter was associated instead with the 73K heat shock protein (52) . In the present study, we show that the 88K, 61K, and 37K proteins bound to medium T antigen with the same specificity as pp6ocsrc. In vitro studies and pulse-chase experiments indicate that complex formation occurred in vitro and in vivo. Presumably, medium T antigen binds to a preformed complex of the 61K and 37K proteins. We demonstrate that the 61K or 37K protein or both have the properties of a cellular tumor antigen. 61K is a lowabundance protein, and its biochemical properties suggest that it is not a member of the tyrosine-specific protein family.
ing mutants of medium T antigen with deletions in the C-terminal half of the polypeptide. Two such mutants, d123 and d11015, encode proteins missing amino acids 302 to 335 and 338 to 347, respectively (20) (21) (22) 32) . They bind pp6Oc-src and activate its kinase activity (10, 24) . To examine whether the d11015 and d123 medium T antigens also bind the 88K, 61K, and 37K proteins, the antigens were purified by affinity chromatography from infected 3T6 cells by using two antipeptide antibodies (23) . The extract was first incubated with antibodies against an internal peptide of medium T antigen, Glu-Glu-Glu-Glu-Tyr-Met-Pro-Met-Glu (corresponding to amino acids 311 to 319). Bound medium T antigen was released from the immune complex with a large excess of this peptide. It was incubated with antibodies against the C-terminal peptide, Lys-Arg-Ser-Arg-His-Phe, and again released with a large excess of the peptide. The purified proteins, together with copurified cellular proteins, were then analyzed on SDS-polyacrylamide gels. Medium T antigen of d11015 was associated with all three cellular proteins (Fig. 1, lane (42) .
Purification of medium T antigen. Medium T antigen was purified with monoclonal peptide antibodies prepared against the internal peptide Glu-Glu-Glu-Glu-Tyr-Met-ProMet-Glu (Glu-Glu) and rabbit antisera against the carboxyterminal peptide Lys-Arg-Ser-Arg-His-Phe (Lys-Phe) (23, 52) .
V8 protease digestion, one-and two-dimensional gel electrophoresis, and glycerol gradient analysis. Partial proteolytic mapping and one-and two-dimensional gel electrophoresis were carried out as previously described (12) . Glycerol gradient analysis was performed as previously described (23) .
RESULTS
Association of the 88K, 61K, and 37K proteins with medium T antigen of nontransforming mutants dllO15 and d123. Previous experiments revealed that medium T antigen encoded by the nontransforming hrt mutants is unable to form a complex with the 88K, 61K, and 37K cellular proteins (26) . (Fig. 4, lane a) . As a control, the purification was carried out with labeled uninfected extract alone, i.e., in the absence of unlabeled medium T antigen. In this case, the associated proteins were not seen. Lane c shows medium T antigen with its associated proteins as purified from [35S]methionine-labeled infected cell extract. Except for the labeled medium T antigen and a strong band below medium T, probably the major polyomavirus structural protein VP1, this pattern is similar to that shown in lane a. To approach the question of whether complex formation takes place in vivo, pulse-chase experiments were carried out (Fig. 5) . d18-infected cells were pulse-labeled for 15 Instead, the amounts after the pulse and the chase would be similar. A pulse-chase experiment was also carried out with cells infected with the nontransforming hrt mutant NG59 encoding medium T antigen that forms a complex with the 73K heat shock protein (52) . No significant increase in the amount of medium-T-associated 73K heat shock protein took place during the chase (Fig. SB) Extracts were prepared in RIPA buffer. Medium T antigen (mT) was purified as described in the legend to Fig. 1. (A) d18. Destruction of complex between medium T antigen and 61K and 37K proteins complex by SDS. We repeatedly observed that the yield of the medium-T-associated proteins was dependent on the purification conditions. For example, the 88K protein was not observed when cell extracts were prepared in RIPA buffer containing 0.1% SDS, and the yields of the 61K and 37K proteins were decreased during purification in RIPA buffer as compared with purification in NP-40-containing buffer. To test directly the SDS sensitivity of the complex between medium T antigen and the 61K or 37K protein, affinity-purified complex (Fig. 6, lane a) was boiled in 1% SDS and then reprecipitated with polyomavirus tumor serum 8079 after the SDS concentration was reduced to 0.1% (Fig. 6, lane b) . Alternatively, the purified complex was reprecipitated without SDS (lane c). Clearly, the complex between medium T antigen and both proteins was completely destroyed by SDS. The experiment also demonstrates that serum 8079, which precipitated free 61K and 37K proteins from uninfected cell extract (Fig. 2) , was unable to recognize SDS-denatured 61K or 37K protein. On the other hand, denatured medium T antigen was efficiently precipitated.
Association of medium T antigen with preformed 61K-37K complex. In a previous report, we demonstrated by sedimentation analysis that the medium-T-61K complex was distinct from the medium-T-pp60csrc complex (23 (Fig. 7) complex in the absence of medium T antigen, extract from uninfected cells was sedimented on a 5 to 20% glycerol gradient and each fraction was immunoprecipitated with the polyomavirus tumor serum 8079, which has been shown to recognize the 61K and 37K proteins in uninfected cell extracts. The 61K and 37K proteins indeed comigrated, indicating that they formed a complex (Fig. 8) (23) . Furthermore, the 61K protein purified from 32P-labeled d18-infected cells showed no detectable incorporation of phosphate (23) . The latter finding was confirmed under a variety of experimental conditions, including different concentrations of vanadate, an inhibitor of phosphatases, in the labeling medium and in the lysis buffer, as well as short and long labeling times. Under no condition was the 61K protein phosphorylated. This result argues against the 61K protein being src related. We also examined whether the 61K or 37K protein is a glycoprotein by labeling dl8-infected cells with glucosamine and mannose. However, no incorporation of these sugars into either protein was detected (data not shown).
Abundance of the 61K protein. It was of interest to measure the abundance of the 61K protein in 3T6 cells. The 61K protein was purified from [35S]methionine-labeled 3T6 cells, mixed with unlabeled whole-cell extract, and analyzed on a two-dimensional polyacrylamide gel. Unlabeled proteins were visualized with silver stain, and the location of the radioactive 61K protein was determined by fluorography. The 61K protein was superimposed on a very minor stained protein which had an isoelectric point of 5.2 (Fig. 9) 
DISCUSSION
The first protein found to be associated with polyomavirus medium T antigen was pp6Oc"r (15, 16) . Although a very minor protein in cells, it was detected because it has a high intrinsic tyrosine-specific protein kinase activity (19, 41, 45) . The 61K protein, a more abundant protein, was then discovered (23), followed by the 88K and 37K proteins (26) and recently the c-yes protein (28) . The 88K and 37K proteins were detected with certainty only after rigorous purification of medium T antigen by affinity chromatography. Proteins of similar molecular weights as the 61K and 37K proteins were noticed in the very first immunoprecipitates of the polyomavirus tumor antigens with tumor antisera (19, 44) . They were considered to be virus coded (44) or cellular proteins (40) or breakdown products of large or medium T antigen (18, 20) . It was the availability of medium-T-specific antipeptide sera that permitted the identification of these proteins as medium T antigen associated (23, 26) .
What is the role of the medium-T-antigen-associated proteins in the process of cell transformation by polyomavirusThe complex between pp60csrc and medium T antigen is considered to be of great importance. It is attractive to speculate that medium T antigen transforms by activation of a cellular proto-oncogene (15) . We propose that the associations between medium T antigen and the 88K, 61K, and 37K proteins might be as important for transformation as the medium-T-antigen-pp60c-src complex because these proteins behave like pp60csrc in regard to complex formation with medium T antigen of transforming and nontransforming mutants. Considering that a much larger fraction of medium T antigen is bound to the 88K, 61K, and 37K proteins than to pp60c-src, it is conceivable that these proteins could be more important for transformation than pp60csrc is. One has to keep in mind that there is no direct evidence that the increased tyrosine-specific protein kinase activity of the medium-T-antigen-associated pp6Oc-src, as measured in vitro, plays a role in vivo. In this regard, it is interesting that the level of phosphotyrosine in polyomavirus-transformed cells, in contrast to Rous sarcoma virus-transformed cells, is not increased over the level in untransformed cells (43) .
At present, we know little about the stoichiometry and spatial arrangement of the individual components in the medium-T-antigen complexes. Sedimentation studies indicate that medium T antigen and the 61K and 37K proteins are linked together in the same complex, but it is unclear whether medium T antigen makes contact with one or both proteins. The 88K protein has not been found under these conditions. Since it is loosely attached, it might be dissociated during the glycerol gradient analysis which is carried out in RIPA buffer. Previous experiments have shown that the bulk of the medium-T-antigen-61K protein complex migrates more slowly on glycerol gradients than the medium-T-antigen-pp60csrc complex (23) . Other experiments indicate that the medium-T-antigen-pp60csrc complex also contains some 61K protein (26) . It (6, 38, 39, 53) are identical to the medium-T-antigen-bound 61K and 37K proteins (G. Walter 
